Research to date suggests that second language acquisition results in functional and structural changes in the bilingual brain, however, in what way and how quickly these changes occur remains unclear. To address these questions, we studied fourteen English-speaking monolingual adults enrolled in a 12-week intensive French language-training program in Montreal. Using functional MRI, we investigated the neural changes associated with new language acquisition. The participants were scanned before the start of the immersion program and at the end of the 12 weeks. The fMRI scan aimed to investigate the brain regions recruited in a sentence reading task both in English, their first language (L1), and in French, their second language (L2). For the L1, fMRI patterns did not change from Time 1 to Time 2, while for the L2, the brain response changed between Time 1 and Time 2 in language-related areas. Of note, for the L2, there was higher activation at Time 2 compared to Time 1 in the left inferior parietal lobule (IPL) including the supramarginal gyrus. At Time 2 this higher activation in the IPL correlated with faster L2 reading speed. Moreover, higher activation in the left IPL at Time 1 predicted improvement in L2 reading speed from Time 1 to Time 2. Our results suggest that learning-induced plasticity occurred as early as 12 weeks into immersive second-language training, and that the IPL appears to play a special role in language learning.
Introduction
It has long been debated how bilingualism may affect the brain networks involved in language processing. The ability to proficiently learn a second language (L2) varies from one individual to another and depends greatly on the age at which it is acquired. Behaviorally, early learners outperform late learners in L2 acquisition (Thomas and Johnson, 2008; Vanhove, 2013) , which suggests that learning is acquired most efficiently earlier in life during "optimal" or "critical periods" (Hakuta et al., 2003; Lenneberg, 1967; Penfield and Roberts, 1959; Werker and Tees, 2005) . Although the ability to learn a second language is possible throughout the lifespan (Hakuta et al., 2003; Marcotte and Ansaldo, 2014; Vanhove, 2013) , research shows that the ability to learn a new language may be affected by, among other things, cognitive aging affecting working memory, processing speed and attention (Hakuta et al., 2003) , and the neural changes associated with adult language learning remain poorly understood.
To date there are only a few studies investigating brain plasticity over time specifically related to L2 learning in adulthood. The majority have focused on structural investigations to examine the effect of becoming proficient in a new language. In a Voxel-based Morphometry (VBM) study, Stein et al. (2012) observed structural changes in the left inferior frontal gyrus (IFG) after five months of L2 immersion, a change that was related to the acquired proficiency in that L2. Similarly, Martensson et al. (2012) observed structural differences after three months of language learning, in bilateral hippocampus, the left middle frontal, IFG and superior temporal gyrus (STG) for second language learners compared to controls. Xiang et al. (2015) observed structural changes in temporoparietal white matter after only six weeks of learning a new language. Schlegel et al. (2012) studied the white matter changes after nine months of intensive Chinese learning and observed structural changes directly associated with the degree of language learning in classical left hemisphere language areas. Among the studies that have looked at the effect of language learning using functional neuroimaging, Golestani and Zatorre (2004) showed that after only two weeks of Hindi phonetic learning, changes occurred in the fMRI signal in classical frontal operculum and parieto-temporal speech regions in relation to behavioral improvement. Wong et al. (2007) found changes in a network of cortical regions including the IFG, prefrontal, medial frontal, medial temporal, posterior parietal and inferior temporal areas in English-speaking subjects trained to identify pitch patterns; the posterior STG was specifically related to successful learning. A study using magnetoencephalography (MEG) observed a learning effect mainly in the inferior parietal lobe (IPL) after training on a new-word learning task (Cornelissen et al., 2004) . Mestres-Missé et al. (2009) also observed increased activation in the IPL (as well as in the left IFG, middle and STG, anterior cingulate and some subcortical structures) associated with the on-line process of new-word learning. These previous studies suggest that the brain circuitry including the left IFG, IPL and STG supports language learning in adulthood.
The role of the IPL in L2 learning is becoming increasingly evident. Della Rosa et al. (2013) in fact have described the IPL as the "location for multilingual talent" given that these authors observed greater grey matter density in the IPL in bilinguals that positively correlated with a behavioral measure of multilingual competence. One of the first empirical observations for a special role of the IPL in second language learning comes from a study by Mechelli et al. (2004) which found that grey matter density increases in the left IPL were associated with higher L2 proficiency in bilinguals. Grogan et al. (2012) , related grey matter density increases in the IPL (posterior supramarginal gyrus) in multilingual participants to the number of words learnt. Lee et al. (2007) have also found a relationship between grey matter density in the left supramarginal gyrus (part of the IPL), and vocabulary learning. White matter density in an adjacent IPL region has also been related to speech sound production performance (Golestani and Pallier, 2007) .
In the present study, we aimed to shed additional light on brain changes associated with learning a new language in adulthood. In contrast to the studies thus far reported in the literature (Cornelissen et al., 2004; Golestani and Zatorre, 2004; Mestres-Misse et al., 2009; Wong et al., 2007) which focus on specific types of language training in a laboratory setting, we sought to explore neural changes after immersive naturalistic language training. We also sought to examine the relationship between functional brain activations and L2 learning outcome. To do so, we studied English (L1) monolingual adults enrolled in an intensive French (L2) immersion program, using fMRI and a sentence reading task. Participants were scanned before and after the intensive training program on an overt sentence-reading task, which was used to capture most of the language processes that would be involved in reading, including processing the sentences and producing speech. Proficiency levels of the participants were assessed preand post-training.
Materials and methods

Participants
Fourteen right-handed English-speaking monolingual adults were enrolled in a 12-week intensive French immersion language-training program in Montreal (see Table 1 ). Intelligence was assessed using the Block Design subtest of the Wechsler Abbreviated Scale of Intelligence (WASI). Participants were screened through a questionnaire to exclude individuals with neurological, psychiatric, or medical conditions. Participants were excluded if they had knowledge of another language than English, if they had a high degree of musical skill, uncorrected visual impairment, or any hearing or reading impairment. Participants were students from outside of Quebec (9 from other provinces of Canada, 2 from the USA, 3 from UK) who had some exposure to French since arriving in Quebec, but considered themselves at the time of initial assessment as solely speakers of English. All of them attended English schools and went to English Universities. Written informed consent was obtained from all participants in accordance with the Research Ethics Board of the Montreal Neurological Institute.
French training course
Participants completed an intensive French (L2) training course for 6 h per day, 5 days a week for 12 weeks, as part of "The Certificate of Proficiency in French -Language and Culture" program offered by the School of Continuing Studies at McGill University. The course developed competencies in complex communicative exchanges and reading and used a real-world immersive type of design focused on conversations and learning from context (combination of classroom instruction in French, conversation partners, and frequent cultural activities and interaction with native speakers). Such a naturalistic approach, with increased target exposure to L2 throughout the day is thought to lead to better second language learning outcomes, compared to more classical textbook classroom teaching (Dahl and Vulchanova, 2014) , which in turn can optimise learning in this short period of time (12 weeks) and contribute to better proficiency in reading and vocabulary, as measured in the current study.
Protocol
All participants were tested at Time 1, before the intensive French learning program and at Time 2, at the end of the 12 weeks. Testing at each time-point included behavioral tasks, both in the L1 and L2, as well as a MRI session.
Behavioral measures
The behavioral testing session outside of the scanner consisted of both qualitative and quantitative language assessment measures. Qualitative information was obtained from the Language Experience and Proficiency Questionnaire (LEAP-Q; Marian et al., 2007) , with selfreported ratings of language competence in reading, speaking and comprehension of the L1 and L2. For the quantitative assessment participants read standardized paragraphs aloud in L1 and L2, and produced 2-min spontaneous speech samples in the L1 and L2 by describing scenarios using relevant vocabulary, such as describing their typical day at the beach or zoo. The reading samples and speech samples were digitally recorded. For paragraph reading, reading speed, calculated as words per minute (as per the method of Dehaene et al., 2010) , was used as a proficiency measure at Time 1 and Time 2. For the spontaneous speech sample, we calculated a vocabulary measure, by counting the number of novel and correctly used words.
Task and stimuli
fMRI scans were obtained while participants read aloud short written sentences presented on the screen in the L1 and L2. The conditions (L1 reading, L2 reading, baseline) were presented in a pseudo-random predetermined order as blocks of 3-6 sentences of the same condition. The sentences were presented as black text on a white background for 7.5 s. Participants were asked to read the sentence aloud during the 7.5 s silent interval (no scanner noise) provided by the sparse sampling design (Gracco et al., 2005) , followed by a 2.5 s whole brain acquisition. To capture the brain activation related to all aspects of sentence reading, and speech production, we compared sentence reading to a low-level baseline control condition, where participants visually scanned a string of X's, following the structure of the (Masterson and Druks, 1998) of the CELEX lexical database (Baayen et al., 1995) and were translated to French equivalents, but from the total lists created, each participant saw different stimuli in English and in French. Phrases were in the present or imperfect tense and were controlled for the number of syllables (English, average 7.8, range 6-10; French, average 8.0, range 6-10; [p=.095, ns]). English and French are languages with moderate orthographic depth, in that their spelling-sound correspondences are not highly consistent (Goswami, 2008; Ziegler and Goswami, 2005 ). Sentences were, therefore, constructed to minimize such irregularities and all followed the same format. A high quality optical microphone (Sennheiser MO 2000) recorded overt reading responses.
MRI data acquisition
Images were acquired on a Siemens 3T Magnetom Trio A Tim System with a 32-channel head coil at the McConnell Brain Imaging Center of the Montreal Neurological Institute (McGill University). The scanning session included an anatomical T1-weighted structural brain image obtained with a gradient-echo MP-RAGE sequence (176 slices, interleaved, 1 mm 3 voxels, TR=2300 ms, TE=2.98 ms, flip angle=30°, slice thickness=1 mm, matrix size=256×256, FOV=256 mm). Functional data were acquired using a sparse-sampling design and an EPI sequence (TR=10 000 ms, 42 oblique slices, 3.5 mm 3 voxels, slice thickness=3.5 mm, TE=30 ms, flip angle=90°).
fMRI image analysis
2.4.1. Preprocessing SPM8 was used for preprocessing and statistical modeling. During preprocessing, images were corrected for slice timing using the middle slice as reference and were realigned using a 6 parameters procedure (involving the 3 translations and 3 rotations) and unwarped using at two-pass procedure and a 5 mm full-width-at-half-maximum (FWHM) Gaussian filter. Scans for each participant were then coregistered to the T1 anatomical scan that was acquired in the same scanning session, segmented into grey matter, white matter and CSF, spatially normalised into the ICBM152 MNI space and smoothed with a 3-D Gaussian filtering kernel of 8 mm FWHM.
Statistical modeling
First-level analyses for each subject were conducted with a design matrix including each of the three conditions (English, French, Xbaseline). The whole 7.5 s duration given to read the sentences was used in the model in order to capture the most complete language processing mechanisms related to reading, processing and producing the sentences. A high-pass temporal filter with a cutoff of 128 s was used to remove low-frequency noise. The hemodynamic response was modeled with the canonical hemodynamic function implemented as boxcar basis functions in SPM8. Contrasts were computed for English vs. baseline and French vs. baseline. Second-level analyses were then conducted by entering the first level contrasts of each subject at Time 1 and Time 2 in a paired-sample t-test in order to investigate changes in task-related brain activation between Time 1 and Time 2. A critical threshold of p uncorrected < .005 and cluster-level FDR-corrected p < .05 was used. An additional analysis was performed to compare brain changes from Time 1 to Time 2 in the L2 where learning improved, to brain changes from Time 1 to Time 2 in the L1, where participants did not show any behavioral changes between the two time points. A posthoc analysis was thus performed to ensure that the brain activation changes were specific to the learning of the L2 and not to time change more globally. To this end we ran an ANOVA on the brain activation in the region that showed the Time 1-Time 2 brain change for learning the L2, with time (Time 1, Time 2) and language (L1, L2) as within-subject factors. The L1 and L2 were not directly compared to each other since L2 proficiency was low before training and remained lower than the L1 after training, and it is thus difficult to determine the extent to which the brain regions activated might be affected by proficiency levels when comparing a highly proficient L1 and a low proficiency L2 (Meschyan and Hernandez, 2006) .
Regression analyses
For the L2 we ran two regression analyses to relate brain activations to behavior. To test whether pre-training brain activations predicted reading improvement across individuals, brain activation at Time 1 was related to improvement in paragraph reading speed from Time 1 to Time 2. To understand in what way post-learning brain activations were related to outcome reading performance, brain activation at Time 2 was then related to reading performance on the paragraph reading speed measure after learning. In addition, to ensure that the activity observed was indeed related to learning and not to reading speed in general, brain activation for the L1 was related to L1 reading speed (participants were highly proficient in their L1 but varied in their natural reading speed). Critical thresholds of p uncorrected < .005, and cluster-level FDR-corrected p < .05 were used.
Results
Behavioral measures
On the LEAP-Q self-rating questionnaire, participants ratings of their language ability did not differ from Time 1 to Time 2 for their L1 (p > .30), but they reported significantly increased ability from Time 1 to Time 2 for the L2 for all three measures, for Reading (p=.001), Speaking (p < .001) and Comprehension (p=.03).
On the paragraph reading task that was performed outside of the scanner, reading speed (words per minute) improved between Time 1 and Time 2 (t-test: t(13)=−6.469, p < .001) in L2. Not unexpectedly, for the L1 reading speed did not differ significantly at Time 1 and Time 2 (p=.08). For the spontaneous speech sample, compared to Time 1, participants showed significant improvement at Time 2 in the L2 for the number of novel words correctly produced, (t(14) =8.3, p < .001), an index of increased vocabulary attainment. Again, there was no difference between Time 1 and Time 2 in the L1 on vocabulary usage (p=.53). Of interest, for the L2 the paragraph reading speed and the vocabulary measure from the spontaneous speech sample were correlated at Time 2 (r=.551, p=.041) and the correlation approached significance at Time 1 (r=.479, p=.083).
In-scanner sentence reading duration (seconds) in L2 significantly improved from Time 1 to Time 2 (t-test: t(13)=2.443, p=.030) but did not differ significantly from Time 1 to Time 2 (t-test: t(13)=.493, p=.630) in the L1. In-scanner reading speed was positively correlated with paragraph reading speed (L2: Time 1, r=−.962, p < .001; Time 2, r=−.617, p=.019; L1: Time 1, r=−.639, p=.014, Time 2, r=−.530, p=.051). See Table 2 for all behavioral results.
L1 task-related brain activation at Time 1 and Time 2
As expected from L1 sentence reading tasks, overt sentence reading in the scanner at both Time 1 and Time 2, activated several classic language processing areas bilaterally (left greater than right), including the inferior frontal and superior temporal regions, the insula, the precentral region and the cerebellum, as well as the left inferior parietal E.B. Barbeau et al. Neuropsychologia 98 (2017) [169] [170] [171] [172] [173] [174] [175] [176] region (see Table 3 ). No significant differences were observed between Time 1 and Time 2 for the L1 reading condition. See Fig. 1 .
L2 task-related brain activation at Time 1 and Time 2
At both Time 1 and Time 2 there was some overlap in recruitment of regions observed for the L1 sentence reading task. However, after intensive language training for the L2, in a direct comparison (Time 2 > Time 1), a single cluster of higher activation was observed in the left parietal region, namely the IPL (Fig. 2, Table 4 ). For Time 1 > Time 2 higher activation was observed in the right hemisphere in the middle frontal gyrus, caudate, anterior cingulate, insula, inferior precentral gyrus and STG. See Table 4 .
IPL activations in L1 and L2
In order to ensure that the increase in activation in the IPL observed in the L2 post-training was related to L2 learning, we extracted the average brain activations in the IPL cluster during both L1 and L2 reading, and ran an ANOVA which showed that there were Language (F=31.76, p < .001) and Time (F=6.36, p=.026) effects, as well as a Language X Time interaction (F=6.09, p=.028), the Time 2 > Time 1 brain changes being specific to L2 processing. Barbeau et al. Neuropsychologia 98 (2017) 169-176 3.5. Pre-learning brain activation predicting improvement in L2 reading performance from Time 1 to Time 2
To investigate whether brain activation before the learning process predicts reading improvement in L2, a whole-brain regression analysis was run to investigate the relationship between the Time 1 sentence reading brain activation and L2 improvement (Time 2 minus Time 1) using the measure of paragraph reading speed. One cluster of activation encompassing part of the left inferior parietal lobule (IPL; angular gyrus, BA 40/39) and the superior temporal gyrus (Fig. 3, Table 5 ), was observed to be significantly related to improvement in paragraph reading speed from Time 1 to Time 2..
Relationship between post-learning brain activation and L2 performance
A second regression analysis was run to investigate the relationship of the post-learning brain activation and L2 performance after-learning, as measured by the reading speed calculated from the out-ofscanner paragraph reading sample. This whole-brain analysis showed that higher brain activation (at Time 2) in the left IPL was related to faster Time 2 reading speed (Fig. 4, Table 6 ). To ensure the observed effects were indeed directly attributable to L2 learning, and not due to other cognitive changes associated with the training experience, we used the L1 as an internal control. For the L1 there were no brain regions that showed a relationship between activation levels and L1 E.B. Barbeau et al. Neuropsychologia 98 (2017) [169] [170] [171] [172] [173] [174] [175] [176] reading speed, suggesting that the IPL does not simply track the natural variation of reading speed. We ran further correlation analyses between the brain activation extracted from the IPL clusters and our other quantitative behavioral L2 proficiency measure, the vocabulary measure obtained from the spontaneous speech sample. Both at Time 1 and Time 2, the brain activation in the IPL did not correlate with the vocabulary measure. However, the amount of difference in brain activation between Time 1 and Time 2 in the IPL region that predicted improvement in reading speed was correlated with French vocabulary improvement from Time 1 to Time 2 (r=.562, p=.036).
Visual comparison of current and previous findings
In a final step we sought to examine how our results compared to other studies showing a relationship between the IPL and language learning. We projected our three results for the L2 (Time 2 vs Time 1, Time 1 regression, and Time 2 regression) onto a 3D brain and superimposed the coordinates of five different studies from the literature (Golestani and Pallier, 2007; Golestani and Zatorre, 2004; Lee et al., 2007; Mechelli et al., 2004; Mestres-Misse et al., 2009) . As can be seen in Fig. 5 , our functional findings (green, red and blue clusters) overlap with evidence from these studies using structural and functional brain imaging, suggesting that parallels can potentially be made between the structural differences that are observed in the IPL in relation with L2 acquisition and the differences in functional brain processing we observed after learning an L2.
Discussion
In our study, neural changes were observed during the process of learning an L2 during adulthood. First, a whole brain analysis revealed that the left IPL was more activated at Time 2 than at Time 1. Additional separate analyses consistently showed that brain activation in this IPL region was associated with behavioral measures of L2 success. Greater brain activation at Time 1 in the left IPL was related to L2 improvement in paragraph reading speed. In addition, higher activation in the IPL at Time 2 was related to faster reading in the L2 at Time 2.
The left IPL, of which the supramarginal gyrus is part, has long been implicated as playing an important role in language processing (e.g.: Price, 1998 for a review). The IPL's role has been related to phonological working memory, semantics and lexical learning (Cornelissen et al., 2004; Li et al., 2014) . Using independent component analysis (ICA) analysis, Geranmayeh et al. (2012) have also pointed out a role for the left IPL in a distributed cortical network important for formulating and producing spoken sentences. The IPL has also been specifically implicated, as part of a network with frontal areas, in word learning (Lopez-Barroso et al., 2013 MestresMisse et al., 2009) , through the process of mapping sounds onto motor speech representations involved while acquiring new vocabulary ). In addition, it has been suggested that a more posterior area of the parietal lobe, the somatosensory association cortex (BA 7), plays a role in articulation processes requiring sensory monitoring that is needed to a greater extent when processing an L2 than an L1 (Simmonds et al., 2011) .
Our results support the notion of a special role for the left IPL related to language learning (Della Rosa et al., 2013) . Although in our study we did not have a control group to assess changes with a different E.B. Barbeau et al. Neuropsychologia 98 (2017) 169-176 training task (i.e. non-language training, see Melby-Lervag and Hulme, 2013; Shipstead et al., 2012) , nor a control for assessing brain changes with no training over 12 weeks, it remains likely that the functional brain changes we observed are indeed related specifically to the learning of the L2 since we were able to assess changes in brain activation over 12 weeks for the proficient "non-changing" language, the L1. If factors unrelated to learning were causing the increased IPL activations during L2 reading from Time 1 to Time 2, we would have expected to see the same increase in L1. In our study, the difference between Time 1 and Time 2 appeared to be specific to L2 processing, as there were no task-related changes from Time 1 to Time 2 for the L1. Moreover, our results add support and are consistent with other language learning functional imaging studies; in one that focussed on phonetic learning, activation in the IPL was also modulated by language improvement (Golestani and Zatorre, 2004) , and in an fMRI study that used an online new-word learning task (MestresMisse et al., 2009), the IPL was also shown to be implicated. We observed a correlation between the increased activation in the IPL and increase in vocabulary size. These results suggest that the increased IPL activation after training may be related to the increased lexical knowledge and usage which led to increased comprehension of the L2 after learning. Dahl and Vulchanova (2014) showed an increase in receptive vocabulary in a "naturalistic L2 learning" group compared to a "classical classroom L2 learning" group of children. Similar to Dahl we relate our results to increased L2 vocabulary and comprehension as a consequence of learning. Given that there was no relationship between IPL activation and reading speed in the L1 our results support that the IPL activation does not simply reflect natural variations in reading speed. It is of note that the cluster of brain activation at Time 1 that was related to reading improvement extends posteriorly in the IPL to include the angular gyrus. The angular gyrus has been shown to be active in a narrative context compared to a simple sentence condition with less coherence in meaning (Xu et al., 2005) and activation in the angular gyrus during a semantic processing sentence reading task has been associated with language abilities (Van Ettinger-Veenstra et al., 2016) . Activation in BA 7 after the L2 training additionally supports the idea of greater effort involved in monitoring articulation while reading the sentences, likely related to increased understanding of what is being read and increased knowledge as to how the words should be pronounced. The link between reading speed and increased comprehension remains to be tested directly, in our study we did not have a higher level baseline condition (e.g. pseudo word sentences), thus making it difficult to verify the specific contribution of comprehension/semantics. Given that our participants remained at a low level of proficiency, even at Time 2, our study was also not able to address whether the IPL is transiently implicated during the learning process or whether changes in the IPL are associated with a stable state once an individual has become more proficient in the L2. However, the literature on bilingualism suggests that the IPL changes are not simply a part of a transient phase of the learning process. The IPL has been shown to be related to L2 proficiency even in individuals who have been bilingual for a length of time (more than five years, Mechelli et al., 2004) . Greater grey matter density in the IPL of bilinguals has been related to better language competence (Della Rosa et al., 2013) , better secondlanguage proficiency (Mechelli et al., 2004) , and higher vocabulary learning (Grogan et al., 2012) . This increased IPL grey matter volume has also been replicated in a study where elderly bilinguals were compared to age-matched monolinguals (Abutalebi et al., 2015) . In the present study, the fact that the IPL was associated with learning success, not only after, but even before the 12 weeks of immersion, suggests that the properties of the IPL might predict or indicate an advantage for successful language learning, rather than solely represent the consequences of acquiring a second language.Future research on developmental language impairments might help refine the role of the parietal lobe and its subregions in language learning and whether, and how, it differs in learning second languages and first language development. Buchweitz (2016) suggested that together with the visual word form area, temporoparietal areas, including the IPL, develop with reading skills development, more specifically, with phonological lettersound matching abilities, and that these brain regions are hypoactive in individuals with dyslexia (Buchweitz, 2016) . Under-activation in the IPL has been reported in a meta-analysis of the functional abnormalities of the dyslexic brain (Richlan et al., 2009) . Klingberg et al. (2000) studied dyslexic adults with poor reading abilities and observed that they had white mater deficits in bilateral temporoparietal areas. Moreover, the properties of that left temporoparietal white matter were correlated with reading abilities in those poor readers but in normal readers as well. Grey matter reductions in temporoparietal areas is also one of the main structural correlate of dyslexia and are related to reading proficiency (Linkersdorfer et al., 2015) . The structural properties of the parietal cortex also appear to play an important role in delays in language development seen in autism (Zoccante et al., 2010) .
In conclusion, our results confirm an emerging body of literature that suggests a key role for the inferior parietal lobule in the successful acquisition of a second language, specifically when assessing changes in brain function related to sentence reading. We show that changes in language processing in the IPL can be observed as early as 12-weeks during second language learning, and that properties of the IPL, even prior to training, predict better second language learning success.
